The molecular basis for retention of integral membrane proteins in the endoplasmic reticulum (ER) is not well understood. We recently discovered a novel ER molecular chaperone termed Cosmc, which is essential for folding and normal activity of the Golgi enzyme T-synthase. Cosmc, a type II single-pass transmembrane protein, lacks any known ER retrieval/retention motifs. To explore specific ER localization determinants in Cosmc we generated a series of Cosmc mutants along with chimeras of Cosmc with a non-ER resident type II protein, the human transferrin receptor. Here we show that the 18 amino acid transmembrane domain (TMD) of Cosmc is essential for ER localization and confers ER retention to select chimeras. Moreover, mutations of a single Cys residue within the TMD of Cosmc prevent formation of disulfide-bonded dimers of Cosmc and eliminate ER retention. These studies reveal that Cosmc has a unique ER-retention motif within its TMD and provide new insights into the molecular mechanisms by which TMDs of resident ER proteins contribute to ER localization.
The molecular basis for retention of integral membrane proteins in the endoplasmic reticulum (ER) is not well understood. We recently discovered a novel ER molecular chaperone termed Cosmc, which is essential for folding and normal activity of the Golgi enzyme T-synthase. Cosmc, a type II single-pass transmembrane protein, lacks any known ER retrieval/retention motifs. To explore specific ER localization determinants in Cosmc we generated a series of Cosmc mutants along with chimeras of Cosmc with a non-ER resident type II protein, the human transferrin receptor. Here we show that the 18 amino acid transmembrane domain (TMD) of Cosmc is essential for ER localization and confers ER retention to select chimeras.
Moreover, mutations of a single Cys residue within the TMD of Cosmc prevent formation of disulfide-bonded dimers of Cosmc and eliminate ER retention. These studies reveal that Cosmc has a unique ER-retention motif within its TMD and provide new insights into the molecular mechanisms by which TMDs of resident ER proteins contribute to ER localization.
After translocation into the endoplasmic reticulum (ER), 2 both soluble and membrane proteins move by default toward the plasma membrane unless specific primary or structural motifs are present. Such motifs include targeting, retention, and/or retrieval signals that ultimately determine the localization of proteins in specific organelles (1) . However, the molecular basis of retrieval/retention of specific integral membrane protein in different organelles along the secretory pathway of eukaryotic cells, and especially in the ER, is not well understood. One of the best studied mechanisms of ER localization involves retrieval motifs, and the best understood of those is the tetrapeptide H/KDEL lumenal sequence at the C terminus of ER lumenal proteins (2, 3) . Recognition of H/KDEL by the ERD2-like receptor in post-ER compartments leads to formation of COPI-coated vesicles and eventual transport of proteins with the H/KDEL sequence back to the ER (4, 5) . Some ER resident proteins carry a di-lysine motif (K(X)KXX) in the C-terminal cytosolic tails of type I membrane proteins (6) , that promotes their interaction with COPI vesicle machinery and redistribution to the ER (7) (8) (9) . Similarly, di-arginine motifs, consecutive Arg residues within the N terminus of a type II membrane protein, as seen for MHC class II-associated invariant chain (10, 11) , can also promote ER localization by COPI mechanisms. Retrieval motifs are sometimes identified through Golgi-related glycosylation changes in the glycoprotein (9) . Both cytosolic di-arginine and lumenal determinants may be important for ER localization of some proteins such as Arabidopsis glucosidase I (12) . Additional motifs include the di-phenylalanine (FF) motif (13, 14) , as seen in type I proteins like the p24 family, which are also associated with COPI coat protein binding.
Other less well understood mechanisms of ER retrieval/retention have also been observed. For example, the transmembrane domain (TMD) of resident ER proteins may also be important (15) (16) (17) , as seen for the type II membrane protein Sec12p, where the cytosolic tail is required for retention and the TMD is required for recycling (18) . Finally, protein oligomerization within large complexes within the ER may also contribute to ER localization (19 -23) .
We recently discovered a novel ER-localized molecular chaperone termed Cosmc, which assist in the folding and prevention of oligomerization of the key enzyme involved in mucin-type O-glycosylation, the core 1 ␤1,3-galactosyltransferase (T-synthase) (24 -28) . The T-synthase is a Golgi enzyme that adds a galactose residue from the donor UDP-Gal to glycoproteins entering the Golgi that have the GalNAc␣1-Ser/Thr (Tn antigen) on mucin-type sequences to generate the core 1 disaccharide Gal␤1-3GalNAc␣1-Ser/Thr (T antigen) (29) . Cosmc is a type II transmembrane protein (ϳ36 kDa) with a short cytoplasmic N-terminal domain, and a large ER lumenal domain that is not efficiently N-glycosylated and is the functional chaperone domain (24, 25, 28) .
The mechanism of retention of Cosmc in the ER is not known, because Cosmc lacks any canonical retrieval/retention motifs. We reported earlier that transferrin N-terminal signal sequence fused with the Cosmc lumenal domain (soluble Cosmc) leads to its secretion into culture media, indicating that retrieval/retention signals may be associated with the transmembrane and/or cytosolic domains (28) . Consistent with this was the finding that soluble Cosmc engineered to contain a KDEL tag at its C terminus is retained in the ER and functions as efficiently as wild-type (WT) Cosmc (28).
To better understand the retrieval/retention signals in Cosmc for ER localization and explore whether Cosmc has novel signals, we generated mutants of Cosmc, as well as chimeric constructs of Cosmc with a non-ER glycoprotein, the human transferrin receptor (TfR). The TfR is also a single pass type II membrane protein (30 -32) . The TfR is localized to the plasma membrane and endosomal vesicles in all animal cells (33) . Our studies show that the TMD of Cosmc is essential for ER localization and that residues within the TMD are critical for disulfide-bonded dimerization of Cosmc.
EXPERIMENTAL PROCEDURES
Reagents-African Green Monkey SV40-transfected kidney fibroblast cell line COS7 was obtained from American Type Culture Collection. Restriction enzymes were obtained from New England Biolabs, Inc. (Ipswich, MA). Fugene6 and TaqDNA polymerase were obtained from Roche Diagnostics (Mannheim, Germany). TNM-FH and EX-Cell 405 media were purchased from BD Biosciences (San Jose, CA). Rabbit antihuman giantin mAb (IgG 1 ) was purchased from Abcam, Inc. (Cambridge, MA). Rabbit anti-human calnexin antiserum and mouse anti-KDEL (GRP78 and GRP94) mAb (10C3) were purchased from Assay Designs (Ann Arbor, MI). Alexa Fluor-labeled secondary antibodies, Vector pcDNA3.1(ϩ), PCR TOPO4 cloning kit, and SDS-PAGE gels were purchased from Invitrogen (Carlsbad, CA). Proteasome inhibitor MG-132 was purchased from EMD Chemicals (Gibbstown, NJ). QIAquick Gel Extraction kits were obtained from Qiagen (Valencia, CA). Chemiluminescent Substrate and BCA protein assay kit were purchased from Thermo Fisher Scientific (Pittsburgh, PA).
Preparation of Expression Constructs-A construct encoding C-terminal HPC4-tagged Cosmc (Cosmc-HPC4) was made by introducing the HPC4 epitope (KGDILRPDVQDE) into wildtype Cosmc at its C terminus by PCR. The product was cloned into PCR3.1. The insert was cut with BamHI (partially)-XbaI and cloned into pcDNA3.1(ϩ). A construct encoding C-terminal HPC4-tagged TfR (TfR-HPC4) was made using a similar strategy to Cosmc-HPC4. The HPC4 epitope tag was introduced into the C terminus of TfR by PCR. The product for TfR-HPC4 and the products from the asymmetric PCR as prepared below were cloned into pCR4-TOPO. The insert was cut with BamHI-XbaI and cloned into pcDNA3.1(ϩ). The PCR primers are listed in supplemental Table S1 .
The six chimeric constructs were prepared using the strategy outlined in supplemental Fig. S1A . Plasmids (A) (Cosmc) and (B) (TfR) are color-coded and shown as two paired strands. Synthetic oligonucleotide primers are also color-coded and shown as single strands, with half arrowheads indicating the direction (34) . The intermediate PCR-amplified products (C) and (D) derived from plasmid (A) and (B), are also shown as two paired strands and color-coded corresponding to the plasmid template and primers, respectively (34) . In the first PCR, Plasmid (A) was amplified by high-fidelity PCR employing Pfu polymerase and synthetic oligonucleotide primers a and b (34) . Plasmid (B) was amplified by high-fidelity PCR employing Pfu polymerase and synthetic oligonucleotide primers c and d. The conditions for the high-fidelity PCR amplification were: 1 cycle at 98°C for 30 s, 35 cycles of PCR at 98°C for 10 s, 62°C for 30 s, and 72°C for 3-4 min (30 s per kilobase DNA fragment to be amplified) in a volume of 50 l with 5 ng of plasmid DNA template, 1 unit of Pfu polymerase, 10 pmol of each primer, 5 l of mixed dNTP at 2.5 mM concentration, and 10 l of 5ϫ Pfu buffer (containing 1.0 mM Mg 2ϩ ), and 1 cycle at 72°C for 5 min. Then the products from each individual PCR were analyzed on agarose gels and purified, mixed in an asymmetric ratio for a second PCR; the (C) strand at its 3Ј-end and the (D) strand at its 5Ј-ends have overlapping regions to pair with each other. Extension of this overlap by DNA polymerase created the fulllength chimeric molecule (E) (34) . The new strand (E) then acted as a template to make the final PCR product (F) by highfidelity PCR employing Pfu polymerase and synthetic oligonucleotide primers a and d (34) . The optimal conditions for the second PCR were: 1 l of each product from the first PCR by the high-fidelity PCR amplification mixed with 10 pmol of synthetic oligonucleotide primers. The mixture was subjected to a PCR in a volume of 50 l containing 1 unit of Pfu polymerase, 5 l of mixed dNTP at 2.5 mM concentration, and 10 l 5ϫ Pfu buffer (containing 1.0 mM Mg 2ϩ ) (34) . PCR cycling parameters were the same as in the first PCR.
Site-directed Mutagenesis-Wild-type Cosmc was used as template to make mutations either from cysteine to alanine or from cysteine to serine using QuickChange TM site-directed mutagenesis kit (Stratagene) following the manufacturer's protocol. For Cys-to-Ala site-directed mutagenesis, we used forward primer: 5Ј-GGAAGCATTTTCGCTGCTTTGATC-3Ј and reverse primer: 5Ј-GATCAAAGCAGCGAAAATGCT-TCC-3Ј. For Cys-to-Ser site directed mutagenesis, we used forward primer: 5Ј-GGAAGCATTTTCAGTGCTTTGATC-3Ј and reverse primer: 5Ј-GATCAAAGCACTGAAAATGCT-TCC-3Ј. The recombinant plasmids containing the desired mutations were confirmed by DNA sequencing.
Cell Culture and Transfection-Monolayer COS7 cells were cultured at 37°C in 5% CO 2 in DMEM supplemented with 10% FBS, penicillin, and streptomycin at 100 g/ml. One day prior to transfection, the cells were seeded into a 10-cm dish and cultured in complete media overnight to reach 50 -60% confluency. Cells were transfected with Fugene6 transfection reagent according to manufacturer's instructions.
Immunofluorescent Staining of COS7 Cells-COS7 cells were cultured on a chambered slide and transiently transfected with the expression constructs using Fugene6 transfection reagent according to the manufacturer's protocol. At 48 h post transfection, cells were washed with TBS and fixed with 4% paraformaldehyde on ice for 1h and permeabilized with 0.1% Triton X-100 for 45 min on ice. After blocking with 1% BSA in TBS for 1 h at room temperature, the cells were incubated with primary antibodies for 1 h at room temperature. The cells were washed with TBS three times and incubated with Alexa Fluor-labeled secondary antibodies at room temperature for 1 h. Cells were then washed four times with TBS and mounted with Prolong Antifade Media (Invitrogen). After drying at room temperature for 12-16 h, cells were visualized by confocal microscopy (TCS NT; Leica) at room temperature under 40ϫ Plan Fluotar 1.0 NA oil immersion or 100ϫ Plan APO 1.4 NA oil immersion objective lenses. The images were maximum projection collected with a pinhole of 1 using 0.5-m step size. Images were analyzed using the TCS and Volocity software (Leica).
Subcellular Fractionation-COS7 cells grown to 80% confluence in 10 cm 2 dishes and transiently transfected with the expression constructs for 48 h were harvested and washed with cold PBS. Cells were homogenized in 25 mM HEPES, pH7.5 containing 250 mM sucrose. Then post-nuclear supernatants (PNS) were made by centrifugation at 20,000 ϫ g for 30min.
The concentration of sucrose in PNS was adjusted to 40% (w/v) and loaded on 60, 50, 30, and 20% sucrose gradient. After centrifugation at 100,000 ϫ g for 20 h, 18 fractions were collected from the bottom of the tube (from top to bottom: fraction No. 1 to 18). The fractions were analyzed by Western blotting with the indicated antibodies.
Preparation of Cell Extracts-Transfected cells were resuspended in an appropriate volume of TBS buffer including 1 mM CaCl 2 and proteinase inhibitor mixture (Roche Applied Science, Indianapolis, IN) and homogenized by sonication on an ice-bath for 5 s 4 times. In some extractions, as noted, we included 250 mM iodoacetamide to modify free Cys residues and limit artifactual dimerization. The PNS were obtained by centrifugation of homogenate at 700 ϫ g for 10min, and the extracts were obtained by adding 0.5% Triton X-100 (final concentration) to the supernatant and solubilizing on ice for 30 min.
Assay of Glycosyltransferases-T-synthase and ␤4-Gal-T were assayed as previously described (28, 69) .
Western Blot-Western blot with HPC4-tagged proteins as well as ER marker calnexin and Golgi protein giantin were performed as previously described (28) .
Proteasome Inhibition-About 1 ϫ 10 6 COS7 cells were seeded in T75 flasks and transiently transfected with the expression constructs using Fugene 6 transfection reagent according to the manufacturer's protocol. At 48 h after transfection, the cells were split into two plates, one was treated with 10 M MG-132 (dissolved in 100% DMSO at 2 mM stock) the other with 0.5% DMSO in complete media for 12-14 h,. The cells were harvested for Western blot analysis.
Immunoprecipitation of Cosmc-Cell extracts or the subcellular fractions were incubated with monoclonal antibody HPC4-conjugated AffiGel10 (HPC4-Beads) overnight while rotating at 4°C. The beads were collected using bench centrifugation and washed five times with 400 l of TBS containing 1 mM CaCl 2 . The bead-bound material was eluted five times with 20 l of elution buffer (50 mM TBS pH8.0, 10 mM EDTA). The fractions were pooled for endoglycosidase treatment and Western blot analysis.
RESULTS

Generation of Cosmc-TfR
Chimeras-To examine the role(s) of the cytoplasmic domain (CD), the transmembrane domain (TMD), and the lumenal domain (LD) of Cosmc in the secretory pathway, a series of chimeric cDNAs were constructed by recombinant DNA techniques. Cosmc was fused to the equivalent region from a cell surface membrane protein, transferrin receptor (TfR), which, like Cosmc, it is a type II transmembrane protein, with a relatively short CD, a single TMD, and a large extracellular domain. Six constructs for expression of chimeras were generated (supplemental Fig. S1B ). Chimera 1 contains the TfR-CD and Cosmc-TMD and -LD (#1, TfR/Cosmc/ Cosmc). Chimera 2 contains the Cosmc-CD and TfR-TMD and -LD (#2, Cosmc/TfR/TfR). Chimera 3 contains the Cosmc-LD and the TfR-CD and -TMD (#3, TfR/TfR/Cosmc). Chimera 4 contains the TfR-LD and the Cosmc-CD and -TMD (#4, Cosmc/Cosmc/TfR). Chimera 5 contains the Cosmc-TMD and the TfR-CD and -LD (#5, TfR/Cosmc/TfR). Chimera 6 contains the TfR-TMD and the Cosmc-CD and -LD (6, Cosmc/TfR/ Cosmc). Each construct has a C-terminal HPC4 epitope tag (35, 36) .
wtCosmc Localizes to the ER-COS7 cells, transiently transfected with full-length (FL), HPC4-epitope tagged wild-type Cosmc (wtCosmc), were stained with anti-HPC4 mAb by immunofluorescence. Cosmc (red) was expressed in a perinuclear pattern in the transfected cells, with a very similar pattern to the ER marker Calnexin (green), which stained all cells (Fig.  1, A-C) . A merge of the stained images shows a yellow/orange color in the cells expressing Cosmc, indicating co-localization of Cosmc and Calnexin. These results are consistent with prior studies showing ER localization of Cosmc (28, 37) . Subcellular fractionation by sucrose gradient centrifugation showed that wtCosmc was recovered primarily in fractions 9 -11, corresponding to fractions 9 -12 containing the ER marker GRP78/94 (Fig. 1D ). By contrast, T-synthase activity, used as a Golgi marker, was mainly recovered in fractions 6 -8 ( Fig. 1E) , which also correspond to the fractions containing the activity of the Golgi protein ␤4-Gal-T (data not shown). Overall, the immunofluorescence staining and subcellular fractionation results are in agreement and indicate that wtCosmc mainly localizes in the ER of COS7 cells.
wtTfR Localizes in the Plasma Membrane-COS7 cells expressing the wild-type TfR (wtTfR) were immunofluorescently stained with anti-HPC4 and anti-Calnexin antibodies in the presence and absence of detergent Triton X-100 for membrane permeabilization. The wtTfR (red) was observed as a bright plasma membrane staining pattern under both permeable and non-permeable conditions (Fig. 2, A-E) . By contrast, Calnexin (green) was apparent only when cells were permeabilized by Triton X-100, consistent with its intracellular localization. Minor staining in the ER was also observed for wtTfR, which could be due to the high expression of this protein in COS7 cells or overall fluorescence in many membranes including endosomes. Subcellular fractionation by sucrose gradient centrifugation showed that the wtTfR-HPC4 was recovered in fractions 5-15 with major bands in fractions 6ϳ10, while GRP78/94 as markers of the ER were mainly found in fractions 8ϳ12, as shown by Western blot (Fig. 2F) . Because the wtTfR is synthesized in the ER and sorted to the plasma membrane through the secretory pathway, it is likely that some protein will be found in all membranes in this pathway. Overall, the immunofluorescence staining and subcellular fractionation results are in agreement and indicate that wtTfR is present on plasma membranes of COS7 cells. Thus, the localization of recombinant forms of wtCosmc and wtTfR in COS7 cells are clearly different and validate the potential of using chimeric constructs of the two proteins to explore localization determinants.
Cosmc/TfR/TfR (Construct #2) Localizes in the Plasma
Membrane-COS7 cells, transiently transfected with the construct expressing chimera Cosmc/TfR/TfR (Construct #2), were examined by immunofluorescence with anti-HPC4 and anti-Calnexin antibody (Fig. 3, A-D) . Cosmc/TfR/TfR (red) was displayed on the cell surface along the clear edges of the plasma membrane, similar to what was observed for wtTfR staining (Fig. 2, A-E) , which was also observed as perinuclear and punctate pattern in some cells. These results indicate that Cosmc/TfR/TfR was mainly localized on the plasma membrane, and partially retained in the ER and Golgi apparatus and behaved similarly to wtTfR. The merged image with Calnexin (green) confirmed the partial co-localization of Cosmc/TfR/ TfR with the ER marker, and the partial ER localization of this fusion protein (Fig. 3, A-D) . To further explore its plasma membrane localization, the transfected COS7 cells were also stained with anti-HPC4 under non-permeable conditions. The Cosmc/TfR/TfR was similarly stained on the whole cell with a pattern similar to that observed in the permeabilized cells, except for the perinuclear staining (Fig. 3E) . Another line of evidence showing that Cosmc/TfR/TfR was mainly plasma membrane-localized was obtained from subcellular fractionation/Western blotting. Cosmc/TfR/TfR-HPC4 from transfected COS7 cells was recovered in fractions 4 -13, similar to the wtTfR, whereas GRP78/94 were mainly in fractions 10 -12 (Fig. 3F) . The plasma membrane and Golgi fractions are represented in fractions 5-7 and 6 -9, respectively. These data show that Cosmc/TfR/TfR was present on the plasma membrane, and indicate that the CD of Cosmc is not sufficient to retain the TfR in the ER.
TfR/TfR/Cosmc (Construct #3) Localizes in the Golgi-To test whether the lumenal domain (LD) of Cosmc is impor- tant in ER localization, we generated a construct expressing the chimeric protein TfR/TfR/Cosmc (Construct #3). COS7 cells were transiently transfected with the construct, and the cellular localization was examined by immunofluorescence with anti-HPC4 antibody (Fig. 4, A-D) . The Golgi was visualized by antibody to a Golgi-resident protein Giantin. The TfR/TfR/Cosmc (red) was expressed in a punctate pattern in many cells that was coincident with the localization of Giantin (green), which was visualized in every cell. A merge of the stained cell images showed a yellow color in every TfR/TfR/ Cosmc stained cell, indicating the co-localization of TfR/ TfR/Cosmc with Giantin. Subcellular fractionation by sucrose gradient centrifugation showed that TfR/TfR/ Cosmc was present in fractions 5-8 as detected by anti-HPC on Western blot (Fig. 4E) , which is different from fractions 9 -12 containing the ER marker Grp78/94. By contrast, T-synthase activity was mainly recovered in fractions 7-9, corresponding to the Golgi fractions (Fig. 4F) . This result is consistent with the immunofluorescent staining data and indicates that TfR/TfR/Cosmc localizes to the Golgi. These results indicate that the LD of Cosmc is not sufficient to retain the TfR in the ER. Interestingly, the LD of Cosmc has the ability to retain Construct #3 in the Golgi apparatus and efficiently prevent its movement to the plasma membrane. This interesting mechanism will be studied in the future using Golgi-associated chimeric constructs. Cosmc/Cosmc/TfR (Construct #4) Localizes in the ER-COS7 cells, transiently transfected with the construct expressing Cosmc/Cosmc/TfR (Construct #4), were examined by immunofluorescence with anti-HPC4 and anti-Calnexin antibodies (Fig. 5, A-D) . Cosmc/Cosmc/TfR (red) was observed in a perinuclear pattern in some cells, similar to staining with Calnexin (green), which stained every cell. The merge of the stained cell images shows a yellow color in the Cosmc/Cosmc/TfR-stained cells, indicating their co-localization. Subcellular fractionation by sucrose gradient centrifugation showed that Cosmc/Cosmc/ TfR-HPC4 was recovered primarily in fractions 9 -12 as detected by anti-HPC4 on Western blot, corresponding to fractions 9 -12 containing the ER markers GRP78 and GRP94 (Fig.  5E ). This result is consistent with the immunofluorescent staining data, and indicates that Chimera #4 exhibits an ER-localization. These results show that the CD and TMD of Cosmc are sufficient to retain the TfR lumenal domain in the ER.
TfR/Cosmc/TfR (Construct #5) Localizes in the ER-To test whether the TMD of Cosmc is the ER-localization determinant for Cosmc, we generated a construct expressing the chimera protein of TfR/Cosmc/TfR (Construct #5). COS7 cells were transiently transfected with the construct, and cellular localization was examined by immunofluorescence with anti-HPC4 and anti-Calnexin antibodies (Fig. 6, A-D) . TfR/Cosmc/TfR (red) was observed in a perinuclear pattern in some cells, similar to staining with Calnexin (green), which stained every cell. Merge of the stained cell images shows a yellow color in the TfR/Cosmc/TfR-stained cells, indicating the co-localization of those two proteins. Subcellular fractionation by sucrose gradient centrifugation showed that TfR/Cosmc/TfR-HPC4 was recovered primarily in fractions 10 -12 as detected by anti-HPC4 on Western blot, corresponding to fractions 10 -12 containing the ER markers GRP78 and GRP94 (Fig. 6E) . This result is consistent with the immunofluorescent staining data and fur- ther confirms the ER localization of Chimera #5. Thus, these results show that the TMD alone of Cosmc is sufficient to retain the TfR cytoplasmic and lumenal domains in the ER, suggesting that the TMD of Cosmc is the primary ER localization determinant.
Cosmc/TfR/Cosmc (Construct #6) Mainly Localizes in the Golgi, but Partially in the ER-To further explore the role of the TMD in Cosmc for ER localization, we generated a chimera of Cosmc in which its TMD was replaced by that of the TfR. COS7 cells were transiently transfected with the construct expressing Cosmc/TfR/Cosmc (Construct #6), and cellular localization was examined by immunofluorescence with anti-HPC4, antiCalnexin, and anti-Giantin antibodies (Fig. 7, A-H) . Cosmc/ TfR/Cosmc (red) was observed in both a perinuclear localization similar to staining with the ER marker Calnexin (green) (Fig. 7, A-D) but it showed a punctate pattern that was also coincident with the localization of the Golgi marker Giantin (green) (Fig. 7, E-H) . The merge of the stained cell images shows a yellow color in the Cosmc/TfR/Cosmc-stained cells, indicating the co-localization of those two proteins. Subcellular fractionation by sucrose gradient centrifugation showed that Cosmc/TfR/Cosmc was observed in fractions 4 -9 with major bands in fractions 5-7 as detected by anti-HPC4 antibody on Western blot; this is different from fractions 10 -13 containing the ER markers GRP78 and GRP94 (Fig. 7I) . T-synthase activity was mainly recovered in fractions 5-8, corresponding to the Golgi fractions (Fig. 7J) . The immunofluorescence imaging indicates that Cosmc/TfR/ Cosmc may localize in both ER and Golgi, whereas the subcellular fractionation studies suggest that it more localized with the peak activity of the Golgi marker T-synthase. In any case, in the absence of the TMD of Cosmc, the other domains of Cosmc are not sufficient to cause ER retention and prevent movement to the Golgi apparatus.
TfR/Cosmc/Cosmc (Construct #1) Is Degraded by Proteasomal Pathway-We also generated the interesting construct TfR/Cosmc/Cosmc (Construct #1). COS7 cells were transiently transfected with wtCosmc and with TfR/Cosmc/Cosmc (Construct #1), however, unlike expression of other constructs, there was very little expression of TfR/Cosmc/Cosmc in any cell. This result suggested that the recombinant protein might be degraded. To test this prediction, after 48 h transfection, both transfected and non-transfected COS7 cells were equally split into two plates. One was treated with proteasome inhibitor MG-132, while the other was treated with DMSO overnight as a negative control. After collecting the cells, we examined expression of Construct #1 using the anti-HPC4 antibody in Western blotting. There were no significant bands present in non-transfected cells. Interestingly, there was very little expression of Construct #1 in the absence of MG-132, but expression was significantly enhanced in the presence of the inhibitor (Fig.  8) . In addition, while wtCosmc was expressed in the absence of MG-132, there was somewhat enhanced expression in the presence of the inhibitor, indicating that some of the wtCosmc is also being degraded in cells by a proteasomal pathway. These data demonstrate that TfR/Cosmc/Cosmc was degraded through the proteasomal pathway and thus, it is not possible to examine its localization by confocal imaging. (38 -41) . The three N-glycosylation sites of the TfR occur in the C-terminal lumenal domain, and during maturation from the ER through the Golgi apparatus, some N-glycans remain high mannose-type and others are converted to complex-type chains (42, 43) . These complex-type N-glycans are sensitive to Peptide:N-glycosidase F (PNGase F), but resistant to endoglycosidase H (Endo H), which is specific for high mannose/hybrid-type N-glycans. We considered that if the chimeric proteins containing the C-terminal domain of TfR remain in the ER they might contain only high mannose-or hybrid-type N-glycans, whereas if they move out of the ER into Golgi compartment, and then are retrieved to the ER, they may be more resistant to Endo H. Transiently transfected COS7 cells were harvested and cell extracts were prepared. Anti-HPC4 antibody was used for immunoprecipitation to pull down chimeric proteins, as well as wtTfR, followed by enzyme treatments and Western blots to probe for changes in glycosylation. TfR and the chimera Cosmc/TfR/TfR (construct #2) were sensitive to PNGase F, but partially resistant to Endo H (Fig. 9) . However, chimeras Cosmc/Cosmc/TfR (construct #4) and TfR/Cosmc/TfR (construct #5) were sensitive to both PNGase Cysteine within the TMD of Cosmc Is Required for Retention of Full-length Cosmc in the ER-While the above results show that the TMD of Cosmc is essential for its ER localization, the TMD does not contain any known ER retention motif. We noted that there is a single residue of cysteine (Cys-19) within the TMD, which led us to explore whether this residue might contribute to the ER localization function of the TMD. The 18 amino acid sequence of the TMD of human Cosmc is predicted to be -
Sensitivity of Chimeras to Endoglycosidase Treatment-TfR has both N-and O-glycans
To explore the potential contribution of the Cys-19 residue in wtCosmc, the Cys was mutated to either Ala (C19A) or Ser (C19S) by site-directed mutagenesis. COS7 cells were transfected with these two new constructs individually and the cellular localization of the constructs was assayed. Unexpectedly, the results from immunofluorescence showed that both mutant Cosmc forms exhibited Golgi localization. Shown in Fig. 10 , A-D is the localization of the C19S Cosmc mutant (red), which colocalized with the Golgi marker, Giantin (green), in a punctate pattern. The results are clearly in contrast to those in Fig. 1 , A-C, where Cosmc is co-localized with the ER marker calnexin. These results demonstrate that the TMD of Cosmc is responsible for ER retention and that mutation of the single Cys residue in the TMD to Ser causes the TMD to lose its ER localization function and the mutated proteins accumulate in the Golgi apparatus.
To further explore the localization of the C19S mutant, we performed subcellular fractionation on sucrose gradients of COS7 cells expressing mutant Cosmc-HPC4. The C19S mutant was present in fractions 9 -11 with the major band in fraction 9 as detected by anti-HPC4 on Western blot (Fig. 10E) . Similar results were observed for the C19A mutant. The ER marker Grp78/94 was found in fractions 9 -12 with the major band in fraction 10 (Fig. 10E) . By contrast, T-synthase activity was mainly recovered in fractions 7-9, corresponding to the Golgi fractions (Fig. 10F) . These results indicate that a fraction of the C19S mutant is localized to the Golgi, but a portion of the C19S mutant may also be present in pre-Golgi/ post-ER compartments.
In preliminary studies we noted that wtCosmc behaved partly as a disulfide-bonded dimeric protein on non-reducing SDS gels. Thus, we tested whether this Cys19 residue within the TMD of Cosmc might contribute to potential intermolecular disulfide formation. To this end, both FL Cosmc and the two cysteine mutants of Cosmc (C19S and C19A) expressed in COS7 cells were analyzed by reducing and non-reducing gel electrophoresis. Cell extracts were prepared in the presence of 250 mM iodoacetamide to limit artifactual disulfidebonded dimerization. We observed both dimeric forms and monomeric forms of FL wtCosmc in non-reducing gels, and only monomeric forms in reducing gels. Interestingly, both C19S and C19A mutants of Cosmc behaved as monomeric forms in both reducing and non-reducing gels (Fig. 10G ). These results demonstrate that the mutation of the single Cys residue in the TMD to either Ala or Ser affects the ability of Cosmc to form dimers.
DISCUSSION
The results presented here show that the single TMD within the type II integral membrane structure of Cosmc is sufficient to promote its localization to the ER and that substitution or mutation within the TMD leads to loss of ER retention (summarized in Table 1 ). The evidence here also suggests that the TMD of Cosmc is a retention rather than a retrieval signal. The ER retention mechanism for Cosmc is unusual and may be novel among the myriad of mechanisms observed to date for retrieval/retention of resident ER proteins.
The two major pathways of localizing proteins to the ER are retrieval from distal compartments back to ER by retrograde transport or retention through active exclusion from vesicles that exit the ER (6), and some proteins, such as the ER chaperone calreticulin (44) , may utilize both retention and retrieval. ER retrieval systems include the C-terminal H/KDEL lumenal sequence (2, 3) , which is recognized by the ERD2-like receptor in post-ER compartments, leading to formation of COPIcoated vesicles and eventual retrotranslocation to the ER (4, 5) . Some ER-resident proteins carry other specific sequence motifs that interact with COPI complexes, such as di-lysine (K(X)KXX) (45, 46) , di-arginine (RR or RXR) (10, 11) , and diphenylalanine (FF) (13, 14) that promote recruitment into COPI vesicle machinery for retrieval to the ER. Although relatively few type II resident membrane proteins, such as Cosmc, have been identified to date, some of these are known to be retained in the ER by the di-arginine motif located at the cytosolic N terminus, as seen for the MHC class II-associated invariant chain (10, 11) . Using similar approaches to those we have used, it was shown that introduction of the di-arginine motif into the human TfR and N-acetylglucosaminyltransferase I (GlcNAc-TI) type II caused both to be efficiently localized in the ER (47, 48) . Other retrieval systems have been noted, such as those involving the resident ER protein Rer1p, which physically recognizes the TMD of clients, such as Sec12p, and returns them to the ER via COPI vesicles (49) . Other proteins, which lack canonical ER retrieval motifs, may reside in the ER by complexation with other proteins containing such motifs, as has been seen for ribophorins I and II, that may associate with the oligosaccharyltransferase complex, which contains proteins bearing di-lysine motifs (50 -52). . Cells were stained with anti-HPC4 (red) antibody and anti-giantin (green) antibodies. Merge, yellow. DAPI, blue. E, sucrose gradient subcellular fractionation. The PNS was applied to a sucrose gradient and 18 fractions (top to bottom) were obtained after ultracentrifugation. Proteins from each fraction were analyzed on Western blot with anti-HPC4 and anti-KDEL antibodies and (F) measured for T-synthase activity. G, COS-7 cells transiently expressing wild-type Cosmc (FL) or mutant Cosmc (C19S and C19A) were extracted by the given protocol and included 250 mM iodoacetamide in the extraction buffer to limit artifactual disulfide-bonded dimerization. After treatment, the cell extracts were analyzed on SDS-PAGE with or without ␤-ME by Western blot with anti-HPC4 antibody. Such retrieval pathways do not appear to be operative for Cosmc, since Cosmc lacks identifiable retrieval motifs. Furthermore, retrieval systems can often be identified by changes in glycosylation observed by proteins that may reach distal secretory compartments, where the N-glycans are trimmed and modified (9, 53) . Cosmc is not efficiently N-glycosylated although it has a glycosylation sequon close to its C terminus (28) , but our results show that the N-glycans of chimeras Cosmc/Cosmc/TfR (Construct #4) and TfR/Cosmc/TfR (Construct #5), which are ER localized, are Endo-H sensitive, in contrast to other chimeras that acquire Endo-H resistant N-glycans. Thus, it is reasonable to conclude that Cosmc is retained in the ER and inefficiently exits to post-ER compartments. However, in future experiments we plan to explore the association of both the T-synthase and possibly Cosmc and some of the Cosmc chimeras described here with COPI vesicles, which should provide further insight into the specific trafficking of T-synthase versus Cosmc. The T-synthase is a resident Golgi enzyme that relies on Cosmc for efficient folding and maturation, both in vivo and in vitro (24, 25, 27, 28) , but the mechanisms for T-synthase targeting and separation from Cosmc in the ER are not known.
The localization of proteins to the ER by retention and exclusion from transport vesicles is poorly understood, but may involve oligomerization and complexes that are excluded from budding vesicles (reviewed by Teasdale and Jackson (6)). However, while the specific roles of the TMD within resident ER proteins are unclear, the length and hydrophobic nature of the TMD has been shown to be important for ER retention (15) (16) (17) , as exemplified recently for the E protein of dengue virus (54) . In this example, mutation of residues within the TMD of the E protein to increase its hydrophobicity leads to increased surface expression. This mechanism may relate to earlier studies on the ␣ chain of the T cell receptor (TCR), which is retained in the ER through its single TMD (55, 56) , and retention involves specific basic amino acids within the TMD (57) .
Other less well understood mechanisms of ER retrieval/retention have also been observed. For example, the TMD of resident ER proteins may also be important, as seen for the type II membrane protein Sec12p, where the cytosolic tail is required for retention, and the TMD is required for recycling (18) . Some glycoproteins may be retained in the ER by interactions with lectins within the quality control system of the ER (58 -60), but since Cosmc is not glycosylated it is unlikely to involve this pathway. Finally, protein oligomerization within large complexes within the ER may also contribute to ER localization (19 -23) . In this regard our preliminary studies indicate that Cosmc occurs as an oligomer, and it is possible that oligomerization may be important for its ER retention, but further detailed biochemical and molecular studies are underway to explore that possibility.
Additionally, unpaired Cys residues on ER proteins may lead to their retention by thiol-dependent mechanisms, as observed for unassembled Ig light chains (61) and the ERp44-mediated localization of Ero1␣ (53) . Such processes involve lumenal thiol residues, rather than those in the TMD, in contrast to our results with Cosmc, where the Cys-19 residue in the TMD of Cosmc is crucial for its ER retention. Furthermore, loss of the Cys-19 residue in the Cosmc TMD causes decreased disulfide dimer formation of Cosmc, suggesting that Cys-19 is normally involved in disulfide formation. However, it is certainly possible that thiol residues may be involved in Cosmc localization in some way, and future experiments will explore that possibility, along with formally demonstrating the potential of Cys-19 to form a disulfide bond.
Various post-translational modifications can also contribute to ER retrieval/retention. An example is reversible S-palmitoylation in which the 16-carbon fatty acid is covalently attached to a protein through a thio-ester linkage (62) (63) (64) . The demonstration of palmitoylation required for lysosomal enzyme-sorting of mannose-6-phosphate receptor has reinforced the hypothesis of the role of palmitoylation for normal trafficking and localization (65, 66) . There is also emerging evidence that palmitoylation of Cys residues in the TMD of resident ER proteins may influence the ER retention. For example, the lipoprotein receptor-related protein 6 (LRP6) is involved in canonical Wnt signaling (67) , and palmitoylation of membrane Cys residues is required for its exit from the ER; consequently mutation of Cys residues leads to ER retention (68) . However, this mechanism is not likely to be involved in Cosmc retention in the ER since the Cys-19 residue in the TMD is required for disulfide-bond formation and loss of Cys leads to movement out of the ER. Nevertheless, in future studies, we intent to examine whether reversible or transient palmitoylation of Cosmc or adjacent ER proteins may be important for Cosmc retention or exit from the ER.
In summary, our results show the important role of the TMD of Cosmc for its ER retention, but additional studies will need to be performed to identify the role of Cosmc oligomerization or association with other ER proteins, and the roles of Cys and other aspects of Cosmc structure for its ER retention. Our studies extend the range of resident ER proteins and contribute to our overall understanding of the complex mechanism(s) for ER retention, and suggest that the TMD of Cosmc may be a valuable tool to study ER retention and function of proteins in the secretory pathway. 
